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Available online 28 April 2008A plant integral membrane protein TOM1 is involved in the multiplication of Tomato mosaic virus (ToMV).
TOM1 interacts with ToMV replication proteins and has been suggested to tether the replication proteins to
themembranes where the viral RNA synthesis takes place.We have previously demonstrated that inactivation
of TOM1 results in reduced ToMV multiplication. In the present study, we show that overexpression of TOM1
in tobacco also inhibits ToMV propagation. TOM1 overexpression led to a decreased accumulation of the
soluble form of the replication proteins and interfered with the ability of the replication protein to suppress
RNA silencing. The reduced accumulation of the soluble replication proteins was also observed in a silencing
suppressor-defective ToMV mutant. Based on these results, we propose that RNA silencing suppression is
executed by the soluble form of the replication proteins and that efﬁcient ToMV multiplication requires
balanced accumulation of the soluble and membrane-bound replication proteins.
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Tobacco mosaic virus (TMV) and Tomato mosaic virus (ToMV) are
representative members of the Tobamovirus genus of positive-strand
RNA viruses. The genome of ToMV encodes four proteins: an
approximately 130-kDa protein (130K protein) and its read-through
product of approximately 180 kDa (180K protein), a movement pro-
tein, and a coat protein (CP). The 130K protein contains methyl-
transferase- and helicase-like domains, and the read-through region
of the 180K protein contains a polymerase-like domain. These two
proteins are required for efﬁcient RNA replication (Ishikawa et al.,
1986; Lewandowski and Dawson, 2000) and are designated as the
replication proteins. Like replication of other positive-strand RNA
viruses (reviewed by Salonen et al., 2005), the viral RNA synthesis of
ToMV is associated exclusively with the membranes (Hagiwara et al.,
2003; Komoda et al., 2007; Nishikiori et al., 2006; Osman and Buck,
1996). However, the ToMV 130K and 180K proteins are not predicted
to possess membrane-spanning regions, and only minority of the
replication proteins are associated with the membranes in infected
cells (Hagiwara et al., 2003; Nishikiori et al., 2006). The membrane-esearch Unit, Division of Plant
sukuba, 305-8602, Japan. Fax:
l rights reserved.bound 180K protein is associated with the 130K protein and several
host proteins and contributes to RNA-dependent RNA polymerase
(RdRP) activity (Nishikiori et al., 2006). In contrast, the non-
membrane-bound (soluble) replication proteins do not show RdRP
activity (Hagiwara et al., 2003; Komoda et al., 2007; Nishikiori et al.,
2006). The roles of the soluble replication proteins are unknown.
Most eukaryotic organisms are equipped with an RNA silencing
system to defend against virus infection. This system involves highly
sequence-speciﬁc RNA degradation triggered by double-stranded or
other forms of aberrant RNAs, which are cleaved into 21–24-
nucleotide (nt) small interfering RNAs. For productive infection,
viruses need to replicate their own genomes and to suppress or
escape from RNA silencing. Thus, many viruses encode suppressors
of RNA silencing (Kasschau and Carrington, 1998; Voinnet et al.,
1999). In tobamoviruses, ToMV 130K protein (Kubota et al., 2003),
TMV 126-kDa protein (Ding et al., 2004; Vogler et al., 2007), and
crucifer-infecting TMV (cr-TMV) 122-kDa protein (Csorba et al.,
2007) were found to possess an ability to suppress RNA silencing. It
has also been reported that the silencing suppressors of tobamo-
viruses bind to double-stranded small RNAs, inhibit 2′-O-methyla-
tion of small RNAs, and prevent formation of RNA-induced silencing
complexes (Akbergenov et al., 2006; Csorba et al., 2007; Kurihara
et al., 2007; Mérai et al., 2006; Vogler et al., 2007).
Arabidopsis thaliana TOM1 (AtTOM1) protein and its homolo-
gues (AtTOM3 and THH1) are integral membrane proteins that are
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Yamanaka et al., 2000, 2002). Inactivation of AtTOM1 by mutation
moderately limits tobamovirus propagation, while the propagation is
completely inhibited by the double mutation of AtTOM1 and AtTOM3.
Their homologues in Nicotiana tabacum (NtTOM1 and NtTOM3) are
also necessary for efﬁcient tobamovirus multiplication (Asano et al.,
2005). TOM1 and TOM3were shown to interact with the helicase-like
domain polypeptides of ToMV replication proteins (Yamanaka et al.,
2002), suggesting that they tether ToMV replication proteins to the
membranes. In this study, we found that overexpression of NtTOM1
also strongly inhibits ToMV propagation in tobacco. We explored the
mechanism of this inhibition.Results
ToMV propagation in NtTOM1-overexpressing tobacco
TOM1 is a plant membrane protein required for efﬁcient multi-
plication of tobamoviruses. ToMV propagation is signiﬁcantly de-
creased in Arabidopsis thaliana tom1 mutants (Ishikawa et al., 1991;
Yamanaka et al., 2000). Propagation of ToMV is also partially inhibited
in NtTOM1-knockdown tobacco (S-tom1), while the simultaneous
knockdown of NtTOM1 and its homologue, NtTOM3, strongly inhibits
ToMV multiplication (Asano et al., 2005). Since NtTOM1 is involved in
the replication of ToMV, we supposed that overexpression of TOM1
might enhance the efﬁciency of tobamovirus propagation. To test this
possibility, we generated NtTOM1-overexpressing plants, and two
independent transgenic lines, TOM1ox7 and TOM1ox14, were se-
lected for analysis. NtTOM1 was highly expressed in both lines
compared with non-transgenic tobacco, although the expression level
in TOM1ox7 plants was slightly lower than that in TOM1ox14 plants
(Fig. 1A). The plants of these lines were inoculated with ToMV, and CP
accumulation was compared with that in S-tom1 and non-transgenic
plants.
At 4 and7dayspost inoculation (dpi), the inoculated leavesof S-tom1
accumulated a lower amount of CP than those of non-transgenic tobacco
(Fig.1A, lanes 1–6), which is consistent with our previous report (Asano
et al., 2005). We found that, in the inoculated leaves of TOM1ox14, CP
accumulation was decreased to a level similar to that in S-tom1 leaves
(Fig.1A, lanes 9–11). CP accumulation in TOM1ox7 plants was similar to
and slightly lower than that in non-transgenic plants at 4 dpi and 7 dpi,
respectively (Fig. 1A, lanes 7 and 8). Comparison of the CP band
intensities suggests that the CP accumulation in S-tom1, TOM1ox14, and
TOM1ox7 plants were approximately 45%, 45% and 70%, respectively, of
that in non-transgenic plants at 7 dpi. As controls, we inoculated
different transgenic plants possessing a green ﬂuorescent protein (GFP)
transgene and conﬁrmed that the CP accumulation in those plants was
not different from that in non-transgenic plants (data not shown).
At 10 dpi, CP accumulation in the upper uninoculated leaves of
S-tom1 reached a level almost as high as that in non-transgenic
plants (Fig. 1A, lanes 1–6). Furthermore, the upper leaves of S-tom1
started to show mosaic symptoms that resembled those observed
in non-transgenic plants (Fig. 1B). In contrast, in the upper leaves of
TOM1ox14, CP was detected only weakly (Fig. 1A, lanes 9–11).
TOM1ox14 plants looked healthy at 10 dpi (Fig. 1B) and showed no
mosaic symptoms at least up to 36 dpi (data not shown). TOM1ox7
plants also showed reduced CP accumulation in the upper leaves
(Fig. 1A, lanes 7 and 8). Very mild or no symptoms were observedFig. 1. Effects of the knockdown and overexpression of TOM1 on the propagation of
ToMV. (A) Expression of NtTOM1 (top panel) and accumulation of ToMV CP in tobacco
leaves (bottom three panels). Non-transgenic (non-tg), NtTOM1-knockdown (S-tom1),
and NtTOM1-overexpressing (TOM1ox7 and TOM1ox14) tobacco plants were inocu-
lated with ToMV. Protein samples prepared from leaf tissues were analyzed by
immunoblotting to detect NtTOM1. The asterisk denotes a background signal derived
from non-speciﬁc cross-reactivity of the anti-TOM1 antiserum, which served as a
loading control. To detect the CP, inoculated leaves were harvested at 4 and 7 dpi, and
upper uninoculated leaves (U.L.) were harvested at 10 dpi. Leaf homogenates were
analyzed by SDS-PAGE and Coomassie brilliant blue staining to detect the CP. In lane M,
protein samples from mock-inoculated plants were analyzed. (B) Symptoms in upper
uninoculated leaves of ToMV-inoculated non-transgenic (non-tg), S-tom1, and
TOM1ox14 plants and mock-inoculated TOM1ox14 plants at 10 dpi. (C and D)
Membrane ﬂotation analysis of the leaf extracts obtained from ToMV-inoculated leaves
of non-transgenic (C) and TOM1ox14 plants (D). Fractions (1–9, from top to bottom of
the gradient) were analyzed by SDS-PAGE and immunoblotting to detect NtTOM1
(upper panel) and the 130K and 180K proteins (lower panel). The asterisks denote
background signals derived from non-speciﬁc cross-reactivity of the anti-ToMV
replication protein antiserum, which served as loading controls. (E and F) GFP foci
formed on inoculated tobacco leaves. Non-transgenic (E) and TOM1ox14 plants (F) were
inoculated with TLBN.G3. The inoculated plants were kept at 25–28 °C. Images were
obtained at 5 dpi. Scale bars=5 mm.
Fig. 2. Effect of AtTOM1 overexpression on the ability of the ToMV 130K protein to
suppress local GFP silencing. (A and B) GFP ﬂuorescence images of agroinﬁltrated leaves.
Transgenic N. benthamiana stably expressing GFP (G3Nb3) was agroinﬁltrated with the
mixtures of A. tumefaciens strains harboring vectors to express indicated proteins. The
mixtures also contained an A. tumefaciens strain carrying a GFP-expressing vector to
induce local GFP silencing. The inﬁltrated plants were kept at 23–25 °C for 4 days.
(C) GFP mRNA levels in the agroinﬁltrated areas. RNAs were extracted from the
agroinﬁltrated area of the leaves. RT-PCR was performed as described in Materials and
methods, and ampliﬁed DNA fragments were analyzed by gel electrophoresis. (D and E)
Membrane ﬂotation analysis of leaf extracts obtained from the area coexpressing the
130K protein, GFP, and LUC (D) or the 130K protein, GFP, and AtTOM1 (E). Leaf extracts
were prepared from the inﬁltrated area at 2 days after inﬁltration. Fractions (1–9, from
top to bottom of the gradient) were analyzed to detect TOM1 (AtTOM1 and the
endogenous N. benthamiana TOM1; upper panel) and the 130K protein (lower panel).
The asterisks denote background signals derived from non-speciﬁc cross-reactivity of
the anti-ToMV replication protein antiserum, which served as loading controls.
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that excess NtTOM1 interferes with the propagation of ToMV.
To investigate the effect of the NtTOM1 overexpression on sub-
cellular localization of ToMV replication proteins, membrane ﬂotation
analysis of the leaf extracts was performed using iodixanol density
gradients. In this analysis, the membranes and membrane-associated
proteins ﬂoat from the bottom layer, where the sample was loaded, up
to the low-density part of the iodixanol gradient (membrane
fractions), whereas the soluble proteins remain in the sample-loaded
layer (soluble fractions). The gradients were fractionated, and each
fraction was analyzed for the presence of the replication proteins by
immunoblotting. In non-transgenic plants, ToMV replication proteins
were detected strongly in both the soluble fractions (Fig. 1C, lanes 8
and 9) and membrane fractions (Fig. 1C, lanes 1 to 7). In contrast, in
TOM1ox14 plants, the amount of the replication proteins in the
soluble fractions wasmuch lower than that in themembrane fractions
(Fig. 1D). These results suggest that the accumulation of the soluble
form of ToMV replication proteins is decreased by overexpression of
NtTOM1.
Infection foci of GFP-tagged ToMV in NtTOM1-overexpressing tobacco
The effect of NtTOM1 overexpression on ToMV multiplication was
further investigated by inoculating non-transgenic and TOM1ox14
plantswithGFP-tagged ToMV (TLBN.G3, Kubota et al., 2003). Using this
virus, the intracellular virus spread is visualized by GFP ﬂuorescence
(hereafter referred to as GFP foci). The GFP foci were observed on the
inoculated leaves of both non-transgenic and TOM1ox14 plants,
although the size of the GFP foci on TOM1ox14 plants was smaller
than that on non-transgenic plants (mean diameters±standard
deviations, 3.1±0.3 mm and 5.6±0.4 mm for TOM1ox14 and non-
transgenic plants, respectively; Pb0.01 by Student's t test). However,
we found a more prominent difference in the appearance of the GFP
foci between non-transgenic and TOM1ox14 plants: TLBN.G3 formed
the foci with uniform GFP ﬂuorescence on non-transgenic leaves
(Fig. 1E), whereas the foci that appeared on TOM1ox14 leaves were
ring-shapedwith dark central areas (Fig.1F). Such ring-shapedGFP foci
have been reported to be formed by a virus defective in suppression of
RNA silencing (Kubota et al., 2003; Vogler et al., 2007). Thus, our results
raise the possibility that the presence of excess NtTOM1 may weaken
the ability of ToMV to suppress RNA silencing.
Effect of TOM1 overexpression on the ability of ToMV 130K protein to
suppress RNA silencing
To assess the effect of TOM1 overexpression on the silencing
suppression activity of ToMV, we performed an agroinﬁltration assay
using GFP-expressing transgenic N. benthamiana, G3Nb3 (Kubota
et al., 2003). In this assay, inﬁltration of the Agrobacterium tumefaciens
strain carrying a GFP-expressing vector to G3Nb3 leaves causes local
silencing of GFP expression in the inﬁltrated area, which results in
moderate levels of GFP expression. In contrast, when the Agrobacter-
ium strain harboring a vector to express a silencing suppressor, e.g.,
ToMV 130K protein, is coinﬁltrated with the strain carrying the GFP-
expressing vector, strong GFP expression throughout the inﬁltrated
area is observed. We examined whether the RNA silencing suppres-
sion activity of ToMV 130K protein is inﬂuenced by coexpression of
TOM1. To avoid silencing of TOM1 expression in the inﬁltrated area by
the presence of the endogenous N. benthamiana TOM1 (NbTOM1), we
used AtTOM1 (69.5% nucleotide sequence identity with NbTOM1)
instead of NtTOM1 (97.2% nucleotide sequence identity with NbTOM1)
(Chen et al., 2007).
When GFP was coexpressed with ToMV 130K protein and ﬁreﬂy
luciferase (LUC: a negative control) by agroinﬁltration in G3Nb3
leaves, stronger GFP ﬂuorescence was observed compared to the area
without the 130K protein expression (Fig. 2A). This result conﬁrmsthat the 130K protein possesses the ability to suppress RNA silencing
(Kubota et al., 2003). In contrast, when similar experiments were
performed using AtTOM1 in place of LUC, the ability of the 130K
protein to suppress GFP silencing was reduced (Figs. 2A and B).
Neither LUC nor AtTOM1 interfered with GFP silencing per se (Fig. 2A).
These results suggest that overexpression of AtTOM1 decreases the
ability of the 130K protein to suppress RNA silencing. The suppression
activity of another silencing suppressor, a helper component protease
(HC-Pro) of Potato virus Y (Brigneti et al., 1998; Kubota et al., 2003),
was similar between AtTOM1- and LUC-coexpressed areas (Fig. 2B),
indicating that inhibition of the suppression activity by excess
AtTOM1 is speciﬁc to the 130K protein. The level of GFP mRNA in
the area coexpressing the 130K protein and AtTOM1 was apparently
lower than that in the area coexpressing the 130K protein and LUC,
whereas the GFP mRNA levels were not different between HC-Pro-
LUC-coexpressed and HC-Pro-AtTOM1-coexpressed areas (Fig. 2C).
These results support the idea that the suppression activity of the
130K protein is weakened in the presence of excess TOM1.
Fig. 4. Effects of the knockdown and overexpression of TOM1 on the propagation of TLJ.
Non-transgenic (non-tg), S-tom1, TOM1ox7, and TOM1ox14 tobacco plants were
inoculated with TLJ. Analyses were performed as in Fig. 1A. Expression of NtTOM1 and
accumulation of TLJ CP in the leaves of the tobacco plants are shown in top and bottom
three panels, respectively. The asterisk denotes a background signal derived from non-
speciﬁc cross-reactivity of the anti-TOM1 antiserum, which served as a loading control.
Fig. 3. Accumulation of the replication proteins and viral RdRP activity in ToMV- and
TLJ-infected protoplasts. (A) Schematic representation of the genome structures of
ToMV (wild-type strain L) and TLJ. The nucleotide substitution site in TLJ is indicated by
a triangle. (B) Accumulation of the replication proteins (upper panel) and RdRP activity
(lower panel) in mock-, ToMV-, and TLJ-inoculated protoplasts. Total cell extracts (T)
were subjected to 30,000 ×g centrifugation to obtain pellet (P30) and supernatant (S30)
fractions. The 130K and 180K proteins were detected by immunoblotting. The
synthesized genomic and replicative-form (RF) RNAs in the RdRP assay are shown.
(C and D) Membrane ﬂotation analysis of the cell extracts obtained from ToMV-
inoculated (C) and TLJ-inoculated protoplasts (D). Fractions (1–9, from top to bottom of
the gradient) were analyzed by SDS-PAGE and immunoblotting to detect the 130K and
180K proteins. The asterisk denotes a background signal derived from non-speciﬁc
cross-reactivity of the anti-ToMV replication protein antiserum, which served as a
loading control.
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protein was altered by coexpression of AtTOM1 as observed in
TOM1ox14 plants, we performed membrane ﬂotation analysis of the
leaf extracts obtained from the agroinﬁltrated areas. We found that
the ratio of the soluble tomembrane-bound 130K protein decreased in
the area where AtTOM1 was coexpressed, compared with that in the
area where LUC was coexpressed (Figs. 2D and E). These ﬁndings
suggest that the excess TOM1 inhibits the ability of ToMV 130K protein
to suppress RNA silencing by reducing the accumulation of the soluble
form of the 130K protein.
Subcellular localization of the 130K protein of the silencing suppressor-
defective ToMV mutant
Previously, Kubota et al. (2003) generated a mutant ToMV and
named TLJ. TLJ possesses the G-to-A mutation at nucleotide 1117 of
ToMV genome (the TLJ mutation) that causes a C-to-Y substitution in
the 130K and 180K replication proteins (Fig. 3A) (Kubota et al., 2003).
TLJ shows reduced ability to suppress RNA silencing and displays an
attenuated pathogenicity, i.e., no systemic symptoms and decreased
virus accumulation in tobacco (Kubota et al., 2003). Such symptomless
infection is similar to that observed in TOM1ox14 plants inoculatedwith ToMV (Figs. 1A and B). In addition, the ring-shaped GFP foci
observed on TOM1ox14 leaves (Fig. 1F) resembled the foci formed by
GFP-tagged TLJ (Kubota et al., 2003). Therefore, we investigated the
subcellular localization of TLJ replication proteins to assess the
correlation between the accumulation of the soluble form of the
130K protein and its ability to suppress RNA silencing. Tobacco BY-2
protoplasts were inoculated with either ToMV RNA or TLJ RNA. At 20 h
post inoculation, the cell extracts were prepared from the protoplasts
and fractionated by centrifugation at 30,000 ×g into the pellet (P30)
and supernatant (S30) fractions containing membrane-bound and
soluble proteins, respectively.
We found that the amount of the replication proteins in the S30
fraction of TLJ-inoculated cell extract was markedly decreased
compared to that of ToMV-inoculated cell extract (Fig. 3B), while the
level of the viral RdRP activity detected in the unfractionated (total)
cell extracts and in the P30 fractions was similar between ToMV and
TLJ (Fig. 3B). These observations suggest that the TLJ mutation
inﬂuences subcellular localization of the replication proteins without
affecting the ability to synthesize the viral RNA. The altered sub-
cellular localization of TLJ replication proteins was conﬁrmed by the
membrane ﬂotation analysis. For ToMV-inoculated cell extracts, the
large amount of the replication proteins was detected in the soluble
fractions, and some of the replication proteins ﬂoated up to the mem-
brane fractions (Fig. 3C). In TLJ-inoculated cell extracts, the amount of
replication proteins in the soluble fractions was apparently low
(Fig. 3D). Thus, the impaired silencing suppressor activity of TLJ would
result from a decrease in the amount of the soluble 130K protein.
Propagation of TLJ in NtTOM1-knockdown tobacco
Since overexpression of TOM1 reduced the soluble form of ToMV
replication proteins, knockdown of the TOM1 gene may result in the
increase of the soluble form of TLJ replication proteins. If the soluble
form of TLJ replication proteins functions to suppress RNA silencing,
propagation of TLJ might be increased in NtTOM1-knockdown plants,
even though NtTOM1 is a factor involved in efﬁcient replication of the
virus (Fig. 1A; Asano et al., 2005). To assess this possibility, S-tom1,
TOM1ox7, TOM1ox14, and non-transgenic tobacco plants were
inoculated with TLJ, and CP accumulation was compared. It should
be noted that RNA replication of TLJ should still occur in S-tom1 plants
because of the presence of NtTOM3.
As shown in Fig. 4, TLJ CP accumulation in the inoculated leaves of
the S-tom1 plants was higher than that of non-transgenic plants at
4 dpi, and this difference was more prominent at 7 dpi. Comparison of
the CP band intensities suggests that the amount of TLJ CP
accumulated in S-tom1 plants was approximately 2.5 times as much
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showed higher accumulation of TLJ CP than in non-transgenic plants
at 10 dpi, although no clear mosaic symptoms were observed (Fig. 4,
lanes 1–7, and data not shown). The increased propagation of TLJ was
also observed by the knockdown of NtTOM3 (data not shown). In
contrast, in TOM1ox7 and TOM1ox14 leaves, TLJ CP accumulation was
detected only weakly, and no CP was detected in the upper leaves at
10 dpi (Fig. 4, lanes 8–13). As controls, we inoculated transgenic plants
possessing GFP transgene and conﬁrmed that the CP accumulation in
those plants was not different from that in non-transgenic plants (data
not shown). These results suggest that the knockdown of NtTOM1
enhances the propagation of TLJ by increasing the amount of the
soluble form of the replication proteins, i.e. the silencing suppressor.
The ability of the soluble replication proteins to bind double-stranded
small RNAs
TMV 126-kDa protein and cr-TMV 122-kDa protein (corresponding
to ToMV 130K protein) have been shown to bind double-stranded
small RNAs (ds-sRNAs) and may thereby prevent assembly of RNA-
induced silencing complexes (Csorba et al., 2007; Kurihara et al., 2007;
Mérai et al., 2006). In the light of this ﬁnding, we examined if the S30
fractions of mock-, ToMV-, and TLJ-inoculated cell extracts contained
the activity to bind 21-nt RNA duplexes with 2-nt 3′ overhang byFig. 5. Small RNA-binding activity in the S30 fractions of ToMV- and TLJ-inoculated cell
extracts. (A) Gel mobility shift assay to analyze small RNA-binding activity contained in
Mock-, ToMV-, or TLJ-inoculated cell extracts. ds- or ss-sRNAs were incubated with the
S30 fractions of mock-, ToMV-, and TLJ-inoculated cell extracts and analyzed by 5%
native PAGE. In lanes 3–6, the S30 fraction of ToMV-inoculated cell extracts diluted 1:3
to 1:24 was used. A long exposure image of the upper part of lanes 1–7 is shown in the
bottom panel. (B) The replication proteins contained in the S30 fractions of mock-, ToMV-,
or TLJ-inoculated cell extracts used in (A). In lane 4, the sample from ToMV-inoculated cell
extract was diluted 1:10. The 130K and 180K proteins were detected by immunoblotting.
The asterisk denotes a background signal derived from non-speciﬁc cross-reactivity of the
anti-ToMV replication protein antiserum, which served as a loading control.electrophoretic mobility shift assay. As expected, ds-sRNA-binding
activity was detected in the S30 fraction of ToMV-inoculated cell
extracts, but not in that of mock-inoculated cell extracts (Fig. 5A). The
S30 fraction of TLJ-inoculated cell extracts also showed weak binding
activity (Fig. 5A, lane 7 of the bottom panel). The intensity of the
retarded band of ds-sRNAs in the TLJ samplewas slightly stronger than
that in the 12-fold-diluted ToMV sample (compare Fig. 5A, lanes 5 and
7 of the bottom panel). The amount of TLJ replication proteins was also
approximately 10-fold less than that of ToMV replication proteins in
the S30 fractions (Fig. 5B, lanes 3 and 4), suggesting that the weak
binding activity is due to low accumulation of the soluble form of TLJ
replication proteins. The S30 fractions of neither ToMV- nor TLJ-
inoculated cell extracts contained single-stranded sRNA (ss-sRNA)-
binding activity (Fig. 5A, lanes 8–10). These results support an idea
that soluble 130K protein suppresses RNA silencing by sequestering
ds-sRNAs.
Discussion
Previously, we demonstrated that the hostmembrane protein TOM1
and its homologues (e.g. TOM3) are required for ToMV multiplication
(Asano et al., 2005; Hagiwara et al., 2003; Ishikawa et al., 1991;
Yamanaka et al., 2000, 2002). TOM1 is most likely needed to tether
ToMV replication proteins to the membranes where ToMV RNA syn-
thesis takes place and to contribute to the formation of active ToMVRNA
replication complexes. Here, we found that, in TOM1-overexpressing
tobacco, ToMVpropagationwas inhibited.Our analyses show that TOM1
overexpression causes reduced accumulation of the soluble replication
proteins that results inweakened activity of RNA silencing suppression.
Parallel decreases in the soluble replication protein accumulation and
ds-sRNA-binding activity were also observed for the RNA silencing
suppressor-defective ToMV mutant, TLJ. Based on these observations,
we propose that the soluble replication proteins function as an RNA
silencing suppressor and that balanced accumulation of themembrane-
bound form (viral RNA replication) and soluble form (RNA silencing
suppression) of the replication proteins is necessary for efﬁcient
propagation of ToMV. Viruses are apparently under selection pressure
to economize their genome size, and many viruses, including ToMV,
encode proteins that possessmultiple functions. Ourﬁndings explain, at
least in part, how a single protein (i.e., the 130K protein) can contribute
to themultiple functions. This is an example of the sophisticated mech-
anisms by which viruses express multiple functions from their limited
coding capacity.
A previous report showed that the TLJ mutation reduces the ability
of the virus to suppress RNA silencing, whereas the ability to move
from cell to cell is not affected (Kubota et al., 2003). Liu et al. (2005)
also suggested using a mutant TMV that there is no correlation
between the abilities of the virus to suppress RNA silencing and to
spread from cell to cell. In contrast, when the excess amount of TOM1
exists, not only the ability of ToMV 130K protein to suppress RNA
silencing (Fig. 2) but also the diameters of the infection foci of GFP-
tagged ToMV (Fig. 1F) are reduced. The size of the foci is inﬂuenced by
many factors including the efﬁciencies of cell-to-cell movement and
replication of the virus. Therefore, TOM1 overexpression might have a
direct or indirect effect on these processes.
With regard to the subcellular localization of the replication
proteins in connection with the suppression of RNA silencing, Ding
et al. (2004) have reported that the GFP-tagged TMV 126-kDa protein
forms cytoplasmic bodies and that the size of these bodies is smaller
for a mutant 126-kDa protein that has a reduced ability to suppress
RNA silencing than for the wild-type 126-kDa protein. Such cyto-
plasmic structures containing TMV replication proteins were also
observed in TMV-infected BY-2 protoplasts (Heinlein et al., 1998). The
correlation between the cytoplasmic body and the soluble form of
replication proteins has not been revealed and, therefore, should be
investigated in future studies.
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the amount of TLJ replication proteins fractionated into the mem-
brane fractions was slightly but reproducibly higher than that for
ToMV (Figs. 3C and D). In addition, in TOM1-knockdown plants, the
accumulation of TLJ CP was slightly higher than that of ToMV CP until
2–4 dpi. (data not shown). Thus, TLJ replication proteins might have
higher afﬁnity to the membranes and, at least in TOM1-knockdown
plants, form the replication complexes more efﬁciently than ToMV
replication proteins. If this is the case, how does the amino acid
substitution in TLJ replication proteins alter the afﬁnity for mem-
branes? The helicase domain polypeptide of the replication proteins
interacts with TOM1 to be tethered to the membranes (Yamanaka
et al., 2000, 2002), whereas the amino acid substitution of TLJ re-
plication proteins is located outside the helicase domain. It is possible
that the mutation causes conformational changes involving the
helicase domain to increase afﬁnity for TOM1 (i.e., the membranes).
Alternatively, the replication proteins might possess a structure that
inhibits membrane binding, which is destroyed by the TLJ mutation.
In tobacco plants, both knockdown and overexpression of the
NtTOM1 gene resulted in decreased propagation of ToMV (Fig. 1A).
These results suggest that, in non-transgenic tobacco plants, ToMV
replication proteins possess optimal afﬁnity for NtTOM1 to obtain
balanced accumulation of the membrane-bound form and soluble
form. For TLJ, the propagation was increased in NtTOM1-knockdown
plants compared to that in non-transgenic plants (Fig. 4). Thus, TLJ is
better adapted to NtTOM1-knockdown plants than to non-transgenic
plants. Various plant species harbor TOM1 homologues, among which
the amino acid sequences vary somewhat; these may also vary in
expression level. The replication proteins of each tobamovirus should
have evolved to acquire optimal afﬁnity for the TOM1 homologues
to achieve the highest multiplication efﬁciency in their respective
natural hosts.
Materials and methods
Viruses
ToMV (strain L, derived from pLFW3) (Meshi et al., 1986) and TLJ
(L-derived mutant strain) (Kubota et al., 2003) were used. Infectious
TLBN.G3 transcript was synthesized in vitro from linearized pTLBN.
G3 (Kubota et al., 2003) using the AmpliCap-MAX T7 High Yield
Message Maker Kit (Epicentre).
Plasmid construction
Polymerase chain reaction (PCR) was used to introduce the XbaI
and SacI restriction enzyme recognition sites upstream of the start
codon and downstream of the stop codon of the NtTOM1 open reading
frame (ORF), respectively. The resultant PCR product was inserted into
pBI121 (Clontech) using the XbaI and SacI sites to yield pBI-NtTOM1.
The BglII and SacI sites were introduced upstream of the start codon
and downstream of the stop codon of the AtTOM1 ORF, respectively.
The PCR product was digested with BglII and SacI and cloned between
the BamHI and SacI sites of pBI121 to create pBI-AtTOM1. The ﬁreﬂy
luciferase ORF was obtained from the pSP-luc+ vector (Promega) by
digestion with NcoI (blunt-ended with the Klenow fragment) and
EcoRV. The resultant fragment was inserted between the BamHI and
SacI (blunt-ended with the Klenow fragment) sites of pBI121, yielding
pBK-PpLuc.
Inoculation and analysis of plants
Transgenic N. tabacum cv. Samsun stably expressing NtTOM1 was
produced by the leaf disc method using Agrobacterium tumefaciens
LBA4404 (Horsch et al., 1985) harboring pBI-NtTOM1. The NtTOM1-
knockdown N. tabacum plant line S-tom1 was described by Asanoet al. (2005). T1 generation of the transgenic plants was used for
analyses.
To determine the expression level of NtTOM1 and select appro-
priate T1 plants, 50 mg of leaf tissue was homogenized in 200 μl of
Homogenization Buffer (0.25 M sucrose, 1 mM EDTA, 10 mM HEPES–
NaOH pH 7.4, 1 mM DTT, and one tablet of Complete Mini protease
inhibitor cocktail, EDTA free [Roche], per 2.5–5 ml) followed by the
centrifugation at 800 ×g for 10 min at 4 °C. The supernatant was
centrifuged in a Beckman TLA100.3 rotor at 28,000 rpm for 15 min at
4 °C. The precipitate was suspended in 20 μl of Homogenization Buffer,
and 1.2 μl of the sample was analyzed by 11% SDS-PAGE and
immunoblotting using the TOM1-speciﬁc rabbit antiserum (Hagiwara
et al., 2003).
Viruses (2.5 μg) were inoculated onto the ﬁfth true leaves (∼10 cm
long) of 4- to 5-week-old plants. Inoculated plants were incubated at
25–28 °C under long day (16 h light) conditions. The inoculated leaves
and the upper uninoculated leaves (the third leaves above the
inoculated leaves) were used to examine CP accumulation by SDS-
PAGE and Coomassie brilliant blue staining (Ishikawa et al., 1991).
Quantiﬁcation of protein band intensities was performed using ImageJ
(NIH; http://rsb.info.nih.gov/ij/).
For TLBN.G3 transcript, 10–20 μl of diluted transcript (1:8 with
distilled water) was used for inoculation. Images of the GFP foci were
acquired at 5 dpi as described previously (Kubota et al., 2003) and
processed using Photoshop 6.0 (Adobe). The diameters of the
randomly selected 16 GFP foci appeared on several inoculated leaves
of non-transgenic and TOM1ox14 plants were measured and used for
statistical analysis.
To prepare tobacco leaf extracts for membrane ﬂotation analysis,
5 μg of virus was inoculated onto the ﬁfth true leaf, and the inoculated
leaves (∼70mg) at 1 dpi were harvested and homogenized in 140 μl of
Homogenization Buffer. The homogenates were centrifuged at 800 ×g
for 10 min at 4 °C, and the supernatants were subjected to membrane
ﬂotation analysis. The equality of the amount of total protein contained
in each leaf extract was veriﬁed by background signals derived from
unrelated host proteins that cross-reacted with the antibodies.
Agroinﬁltration assay
The agroinﬁltration assay was performed essentially as described
previously (Erickson et al., 1999; Kubota et al., 2003). Mixtures of three
strains of Agrobacterium tumefaciens C58C1/pGV2260 included the
following: (i) a strain carrying pBI-erG3 (OD600=0.3) (Kubota et al.,
2003); (ii) a strain carrying pBI-L130NRT or pMD-YHCP (OD600=0.3)
(Kubota et al., 2003); and (iii) a strain carrying pBI-AtTOM1 or pBK-
PpLUC (OD600=0.3). Mixtures of the strains carrying pBI-erG3
(OD600=0.5) and either pBI-AtTOM1 or pBI-PpLUC (OD600=0.5)
were also used. The mixtures were inﬁltrated into small (∼3–4 cm in
length) leaves of approximately 3-week-old transgenicN. benthamiana
stably expressing GFP (G3Nb3) (Kubota et al., 2003). The plants were
kept at 23–25 °C for 4 days. GFP ﬂuorescence images were acquired as
described previously (Kubota et al., 2003) and processed using
Photoshop 6.0 (Adobe).
Total RNAs were extracted from agroinﬁltrated areas at 3 days
after inﬁltration using RNAiso (Takara) according to the manufac-
turer's instructions. RT-PCR was performed using OneStep RT-PCR
Kit (Qiagen) according to the manufacturer's instructions. PCR re-
action of 16 cycles using primers 5′-AGTGGAGAGGGTGAAGGTGA-3′
and 5′-GGTAAAAGGACAGGGCCATC-3′ was performed to amplify the
GFP sequence. The actin sequence ampliﬁcation was described pre-
viously (Asano et al., 2005).
To prepare the leaf extracts for membrane ﬂotation analysis, the
inﬁltrated leaves (110–200 mg) were harvested at 2 days after
inﬁltration and homogenized in 440–800 μl of Homogenization
Buffer. The homogenates were centrifuged at 800 ×g for 10 min at
4 °C, and the supernatants were subjected to membrane ﬂotation
138 Y. Hagiwara-Komoda et al. / Virology 376 (2008) 132–139analysis. The equality of the amount of total protein contained in each
leaf extract was veriﬁed by background signals derived from unrelated
host proteins that cross-reacted with the antibodies.
Isolation and inoculation of BY-2 protoplasts
BY-2 cells derived from N. tabacum L. cv. Bright Yellow 2 were
grown and maintained as described previously (Hagiwara et al., 2003;
Nagata et al., 1992). Isolation and inoculation of BY-2 protoplasts were
performed as described previously (Hagiwara et al., 2003; Ishibashi
et al., 2006; Watanabe et al., 1987).
Preparation of protoplast extracts
Inoculated protoplasts were harvested 20 h after incubation at
30 °C in the dark. Approximately 4×106 cells were homogenized using
tight-ﬁtting Dounce homogenizer (75–100 strokes) in 1 ml of TR
buffer (Ishibashi et al., 2006). Cell extracts were centrifuged at 800 ×g
for 10 min at 4 °C, and the supernatant was recovered as total pro-
toplast extract and used for membrane ﬂotation analysis. The equality
of the amount of total protein contained in each cell extract was
veriﬁed by the presence of unrelated host proteins detected by
Coomassie brilliant blue staining or immunoblotting. Total protoplast
extract (200 μl) was also centrifuged at 30,000 ×g for 15 min at 4 °C.
The supernatant (195 μl) was recovered to obtain the S30 fraction,
whereas the P30 fraction was prepared by suspending the pellet in
195 μl of TR buffer. The fractions were subjected to RdRP assay and
immunoblotting.
RdRP assay
Twenty microliters of either the total protoplast extract, P30
fraction, or S30 fractionwasmixedwith 5 μl of 5× RdRP buffer (6.5mM
ATP, 5 mM GTP, 5 mM UTP, 125 μM CTP, 740 kBq [α-32P]CTP, 50 mM
DTT, 0.5 mg/ml actinomycin D, 25 mM magnesium acetate, 150 mM
creatine phosphate, 1 mg/ml creatine phosphokinase, and 2 U/μl
RNasin [Promega]), and the mixture (25 μl) was incubated at 25 °C for
1 h. The RNA products were puriﬁed by phenol extraction and ethanol
precipitation, and were analyzed by 8 M urea–2.4% PAGE. The 32P
signals were detected using a Bio Imaging Analyzer (BAS 2500; Fuji
Photo Film).
Membrane ﬂotation analysis
Membrane ﬂotation analysis using iodixanol (Optiprep; Nycomed,
Roskilde, Denmark) density gradient was performed as described
previously (Hagiwara et al., 2003) with some modiﬁcations. In brief,
iodixanol continuous gradients were formedwith 0.9 ml each of 0 and
30% iodixanol solutions (Hagiwara et al., 2003) in open-topped tubes
(Beckman; Part No. 347357) by Gradient Mate (BioComp Instruments
Inc.) at 10 r.p.m. for 2 min at an angle of 78°. The leaf extracts (100 μl)
or total protoplast extracts (100 μl) were mixed with 220 μl of 50%
iodixanol solution (Hagiwara et al., 2003) and loaded at the bottom of
the gradients, followed by centrifugation in a Beckman TLS55 rotor at
106,000 ×g for 2 h at 4 °C. The gradients were fractionated into nine
fractions of 230 μl each from the top. The fractions were analyzed by
immunoblotting using the TOM1-speciﬁc and ToMV replication
protein-speciﬁc rabbit antisera (Hagiwara et al., 2003).
Gel mobility shift assay
Synthetic small RNAs (sRNA and the complementary sRNA⁎;
UCGAAGUAUUCCGCGUACGUU and CGUACGCGGAAUACUUCGAUU)
were prepared according to Kurihara et al. (2007). sRNA⁎ was end
labeledwith [γ-32P]ATP by T4 polynucleotide kinase. To obtain ds-sRNA,
the labeled sRNA⁎ was incubated with unlabeled 5′-phosphorylatedsRNA (four times molar excesses) at 94 °C for 3 min in annealing buffer
(50 mM Tris–HCl [pH 7.6], 100 mM KCl, and 2.5 mMMgCl2) and cooled
down slowly to room temperature. For RNA-binding reactions, 1 μl
(0.025 pmol) of labeled sRNA⁎ (ss-sRNA) or ds-sRNAwas incubatedwith
3 μl of the S30 fractions at 25 °C for 20min. For a dilution series, the S30
fraction of ToMV-inoculated cell extract was diluted 1:3, 1:6, 1:12, and
1:24 with the S30 fraction of mock-inoculated cell extract. The reaction
was stopped by adding dyes, and the samples were analyzed by 5%
native PAGE using 0.5× Tris-borate–EDTA buffer. The 32P signals were
detected using a Bio Imaging Analyzer (BAS 2500; Fuji Photo Film).
Acknowledgments
We thank Drs. Shinya Tsuda, Yuko Ohashi, Satoshi Naito and the
members of our laboratory for the helpful discussion. We also thank
Akemi Kikuchi and Kumi Fujiwara for the general assistance. This
work was supported in part by the Core Research for Evolutional
Science and Technology of the Japan Science and Technology Agency
and by a Grant-in-Aid from the Ministry of Agriculture, Forestry and
Fisheries of Japan.
References
Akbergenov, R., Si-Ammour, A., Blevins, T., Amin, I., Kutter, C., Vanderschuren, H., Zhang,
P., Gruissem, W., Meins Jr, F., Hohn, T., Pooggin, M.M., 2006. Molecular char-
acterization of geminivirus-derived small RNAs in different plant species. Nucleic
Acids Res. 34, 462–471.
Asano, M., Satoh, R., Mochizuki, A., Tsuda, S., Yamanaka, T., Nishiguchi, M., Hirai, K.,
Meshi, T., Naito, S., Ishikawa, M., 2005. Tobamovirus-resistant tobacco generated by
RNA interference directed against host genes. FEBS Lett. 579, 4479–4484.
Brigneti, G., Voinnet, O., Li, W.X., Ji, L.H., Ding, S.W., Baulcombe, D.C., 1998. Viral
pathogenicity determinants are suppressors of transgene silencing in Nicotiana
benthamiana. EMBO J. 17, 6739–6746.
Chen, B., Jiang, J.H., Zhou, X.P., 2007. A TOM1 homologue is required for multiplication of
Tobacco mosaic virus in Nicotiana benthamiana. J. Zhejiang Univ. Sci. B. 8, 256–259.
Csorba, T., Bovi, A., Dalmay, T., Burgyán, J., 2007. The p122 subunit of Tobacco Mosaic
Virus replicase is a potent silencing suppressor and compromises both small
interfering RNA- and microRNA-mediated pathways. J. Virol. 81, 11768–11780.
Ding, X.S., Liu, J., Cheng, N.H., Folimonov, A., Hou, Y.M., Bao, Y., Katagi, C., Carter, S.A.,
Nelson, R.S., 2004. The Tobacco mosaic virus 126-kDa protein associated with virus
replication and movement suppresses RNA silencing. Mol. Plant–Microb. Interact.
17, 583–592.
Erickson, R.L., Holzberg, S., Calderon-Urrea, A., Handley, V., Axtell, M., Corr, C., Baker, B.,
1999. The helicase domain of the TMV replicase proteins induces the N-mediated
defence response in tobacco. Plant J. 18, 67–75.
Fujisaki, K., Ravelo, G.B., Naito, S., Ishikawa, M., 2006. Involvement of THH1, an Arabidopsis
thaliana homologue of the TOM1 gene, is tobamovirus multiplication. J. Gen. Virol. 87,
2397–2401.
Hagiwara, Y., Komoda, K., Yamanaka, T., Tamai, A., Meshi, T., Funada, R., Tsuchiya, T.,
Naito, S., Ishikawa, M., 2003. Subcellular localization of host and virus proteins
associated with tobamovirus RNA replication. EMBO J. 22, 344–353.
Heinlein, M., Padgett, H.S., Gens, J.S., Pickard, B.G., Casper, S.J., Epel, B.L., Beachy, R.N.,
1998. Changing patterns of localization of the tobacco mosaic virus movement
protein and replicase to the endoplasmic reticulum and microtubules during
infection. Plant Cell 10, 1107–1120.
Horsch, R.B., Fry, J.E., Hoffman, N.L., Eichholtz, D., Rogers, S.G., Fraley, R.T., 1985. A simple
and general method for transferring genes into plants. Science 227, 1229–1231.
Ishibashi, K., Komoda, K., Ishikawa, M., 2006. In vitro translation and replication of
tobamovirus RNA in a cell-free extract of evacuolated tobacco BY-2 protoplasts. In:
Nagata, T., Matsuoka, K., Inzé, D. (Eds.), Biotechnology in Agriculture and Forestry.
Tobacco BY-2 Cells: From Cellular Dynamics to Omics, vol. 58. Springer, Berlin,
Germany, pp. 183–194.
Ishikawa,M.,Meshi, T.,Motoyoshi, F., Takamatsu,N., Okada, Y.,1986. Invitromutagenesis of
the putative replicase genes of tobaccomosaic virus. Nucleic Acids Res.14, 8291–8305.
Ishikawa, M., Obata, F., Kumagai, T., Ohno, T., 1991. Isolation of mutants of Arabidopsis
thaliana in which accumulation of tobacco mosaic virus coat protein is reduced to
low levels. Mol. Gen. Genet. 230, 33–38.
Kasschau, K.D., Carrington, J.C., 1998. A counterdefensive strategy of plant viruses:
Suppression of posttranscriptional gene silencing. Cell 95, 461–470.
Komoda, K., Mawatari, N., Hagiwara-Komoda, Y., Naito, S., Ishikawa, M., 2007.
Identiﬁcation of a ribonucleoprotein intermediate of Tomato mosaic virus RNA
replication complex formation. J. Virol. 81, 2584–2591.
Kubota, K., Tsuda, S., Tamai, A., Meshi, T., 2003. Tomato mosaic virus replication protein
suppresses virus-targeted posttranscriptional gene silencing. J. Virol. 77,11016–11026.
Kurihara, Y., Inaba, N., Kutsuna, N., Takeda, A., Tagami, Y., Watanabe, Y., 2007. Binding of
tobamovirus replication protein with small RNA duplexes. J. Gen. Virol. 88,
2347–2352.
Lewandowski, D.J., Dawson, W.O., 2000. Functions of the 126- and 183-kDa proteins of
tobacco mosaic virus. Virology 271, 90–98.
139Y. Hagiwara-Komoda et al. / Virology 376 (2008) 132–139Liu, J.-Z., Blancaﬂor, E.B., Nelson, R.S., 2005. The tobacco mosaic virus 126-kilodalton
protein, a constituent of the virus replication complex, alone or within the
complex aligns with and trafﬁcs along microﬁlaments. Plant Physiol. 138,
1853–1865.
Mérai, Z., Kerényi, Z., Kertész, S., Magna, M., Lakatos, L., Silhavy, D., 2006. Double-
stranded RNA binding may be a general plant RNA viral strategy to suppress RNA
silencing. J. Virol. 80, 5747–5756.
Meshi, T., Ishikawa, M., Motoyoshi, F., Semba, K., Okada, Y., 1986. In vitro transcription of
infectious RNAs from full-length cDNAs of tobacco mosaic virus. Proc. Natl. Acad.
Sci. USA 83, 5043–5047.
Nagata, T., Nemoto, Y., Hasezawa, S., 1992. Tobacco BY-2 cell-line as the HeLa-cell in the
cell biology of higher plants. Int. Rev. Cytol. Suppl. 132, 1–30.
Nishikiori, M., Dohi, K., Mori, M., Meshi, T., Naito, S., Ishikawa, M., 2006. Membrane-
bound Tomato mosaic virus replication proteins participated in RNA synthesis and
are associated with host proteins in a pattern distinct from those that are not
membrane bound. J. Virol. 80, 8459–8468.
Osman, T.A.M., Buck, K.W., 1996. Complete replication in vitro of Tobacco mosaic virus
RNA by a template-dependent, membrane-bound RNA polymerase. J. Virol. 70,
6227–6234.Salonen, A., Ahola, T., Kaariainen, L., 2005. Viral RNA replication in association with
cellular membranes. Curr. Top. Microbiol. Immunol. 285, 139–173.
Vogler, H., Akbergenov, R., Shivaprasad, P.V.,Dang, V., Fasler,M., Kwon,M.-O., Zhanybekova,
S., Hohn, T.,Heinlein,M., 2007.Modiﬁcationof small RNAsassociatedwith suppression
of RNA silencing by tobamovirus replicase protein. J. Virol. 81, 10379–10388.
Voinnet, O., Pinto, Y.M., Baulcombe, D.C., 1999. Suppression of gene silencing: a general
strategy used by diverse DNA and RNAviruses of plants. Proc. Natl. Acad. Sci. U. S. A.
96, 14147–14152.
Watanabe, Y., Meshi, T., Okada, Y., 1987. Infection of tobacco protoplasts with in vitro
transcribed tobacco mosaic virus RNA using an improved electroporation method.
FEBS Lett. 219, 65–69.
Yamanaka, T., Ohta, T., Takahashi, M., Meshi, T., Schmidt, R., Dean, C., Naito, S., Ishikawa,M.,
2000. TOM1, an Arabidopsis gene required for efﬁcient multiplication of a tobamo-
virus, encodes a putative transmembrane protein. Proc. Natl. Acad. Sci. U. S. A. 97,
10107–10112.
Yamanaka, T., Imai, T., Satoh, R., Kawashima, A., Takahashi, M., Tomita, K., Kubota, K.,
Meshi, T., Naito, S., Ishikawa, M., 2002. Complete inhibition of tobamovirus
multiplication by simultaneous mutations in two homologous host genes. J. Virol.
76, 2491–2497.
